There are two known techniques as emulsion preparation methods in which oppositely charged biopolymers are attached to each other via electrostatic interaction at oil-water interface: Layer by layer (LBL) and mixed methods. The aim of this research was to compare the stability of emulsions prepared by these methods against environmental stresses (heating, salt addition and freeze-thaw) when the oil droplets covered with whey protein isolate and tragacanthin. The presence of tragacanthin improved stability of both mixed and LBL emulsions against heat treatments under 100°C. LBL emulsions also showed better stability against various ionic strengths and freeze-thaw treatments.
Introduction
Generally speaking, milk proteins are appropriate emulsifiers that easily adsorb to oil-water interfaces, reduce the interfacial tension, and forming protective interfacial layers. [1, 2] Despite these capabilities, the stability of the resulting emulsions is highly depended on the environmental conditions namely pH, ionic strength, and temperature. [2] As a result, there has been a considerable interest in developing some effective strategies to improve the stability of protein-coated oil droplets against environmental stresses. Ideally, these strategies should be economically viable, commercially practical, and only utilise natural ingredients. One of the most widely studied strategies was the formation of electrostatic interfacial complex using proteins and polysaccharides. In such a system, the proteins hold the electrostatic complex at the droplet surface, whereas the polysaccharides increase the electrostatic and/or steric repulsion between oil droplets, thereby improving their aggregation stability. [1] [2] [3] [4] [5] In order to fabricate interfacial electrostatic complexes there are two different approaches namely: (i) layer-by-layer (LBL) deposition and (ii) mixing methods. LBL emulsions are typically formed using a two-step process. At first, an oil and water phases are mixed and homogenised in the presence of a surface-active protein, which leads to the formation of an oil-in-water emulsion containing protein-coated oil droplets. In the second step, protein-polysaccharide complexes are formed by mixing the initial emulsion with a solution containing oppositely charged polysaccharides. An additional homogenization process is sometimes required to disrupt any flocs formed during the electrostatic deposition step. [3, 6] In contrast, mixed emulsions are typically formed by homogenizing the oil and water phases in the presence of protein and polysaccharide, which leads to the direct formation of an oil-in-water emulsion coated by protein-polysaccharide complex. [1, 7] Numerous studies have already proven that protein-polysaccharide electrostatic complexes could improve the resistance of emulsions against some physical and chemical changes, such as pH, salts (mono and divalent), thermal processing, and freeze-thaw cycling. [8] [9] [10] The effectiveness of this approach depends on the type of proteins and polysaccharides, their fractional concentrations, and properties of their solutions. As a result, they need to be precisely optimised during the formation process. To the best of our knowledge, there is not any existing studies and reports on the utilization of tragacanthin to stabilise emulsions against environmental stresses (pH, heating, ionic strength, and freeze-thaw).
Gum tragacanth (GT) is an exudate of the species of the Astragalus which is found in some Middle Eastern countries. This highly acid-resistant gum contains water-soluble (tragacanthin, T) and water-insoluble (bassorin, B) fractions. [11, 12] Its stabilizing [11, 13] and emulsifying [14] functionalities have already been studied. The phase behaviour of mixed whey protein isolate (WPI)-T dispersion as a function of pH has been recently reported. [15] A mixture of WPI-T exhibited no precipitation at a mixing ratio of 0.4:1% w/w over a wide range of pH (2-7). For this reason, this ratio was utilised in another study to compare the efficiency of interfacial electrostatic complexation using LBL and mixing methods on the stability of emulsions against pH. [5] In the current study, we focused on the effect of interfacial electrostatic complexation of WPI and T (0.4:1% w/w) on the improvement of the stability of emulsions containing different oil concentrations (1, 4, 8 and 16% w/w) with various pH (3, 5 and 7) against environmental stresses such as heating, various salts addition, and freeze-thaw cycles. This information is useful to determine the range of food products where this approach can potentially be utilised. Furthermore, the efficacy of emulsion preparation techniques (LBL and mixing methods) on the stability against physical and chemical changes is compared.
Materials and methods

Materials
Gum tragacanth (A. gossypinus, purchased from a local herbal store, Tehran, Iran) was pulverised, sieved, and the collected gum powder (mesh size < 60) was stored in a sealed vessel. Whey protein isolate (WPI) was provided by Davisco (BiPRO ® , Food international Inc. Le Sueur, MN, USA). Its protein, fat, ash, and lactose contents were 97.6 ± 0.3%, <0.5%, 2.0 ± 0.2%, and 0.4 ± 0.2%, respectively. Sunflower oil (Nina ® , Iran) was purchased from a local supermarket. In addition, sodium azide, hydrochloric acid, sodium hydroxide, sodium chloride, and calcium chloride were obtained from Merck Chemicals Co. (Darmstadt, Germany). Deionised water was utilised for preparation of samples.
Preparation of aqueous dispersions
Tragacanthin dispersions were prepared by mixing GT powder in deionised water (300 rpm for 2 h). They were stored (4°C) overnight to ensure complete hydration. They were consequently centrifuged (20,379g for 45 min) in order to separate their soluble (T) and insoluble (B) fractions. The T fraction was utilised in the next steps. [11] The whey protein stock solution was prepared by adding WPI powder to deionised water (stirred for 60 min at ambient temperature). The stock solutions were utilised to prepare samples with final concentrations of 0.4% w/w WPI and 1% w/w T.
Preparation of emulsion
Mixed and LBL emulsions were prepared at different oil concentrations (1, 4, 8 and 16% w/w) using the procedure which is fully described elsewhere. [5] Briefly, for preparation of the mixed emulsion, WPI-T mixture was prepared and the pH was adjusted (3, 5 and 7) . Upon the addition of sunflower oil, the mixture was pre-emulsified (4000 rpm for 3 min and 10000 rpm for 1 min, WiseTis ® HG-15D rotor-stator, South Korea) then the actual homogenization was performed using high power ultrasound (Sonicator 4000, 20 kHz, high gain cylindrical titanium sonotrode of 19.1 mm in diameter, Misonix, Inc., New York, USA) at an amplitude of 100% for 4 min. During sonication, the temperature was kept constant (22°C) by circulating antifreeze liquid through the jacket and the embedded spiral coil of the container. [16] Eventually, the pH of samples was adjusted at 3, 5 or 7. The final concentration of WPI:T was 0.4:1% w/w.
Regarding LBL method, the WPI solution (0.8% w/w) was mixed with different sunflower oil concentrations (2, 8, 16 , 32% w/w). Alike to the mixed emulsions, pre-emulsification (using a rotorstator) and homogenization (using sonication) were performed. Afterwards, 50 g of T dispersion (2% w/w) was mixed with 50 g of primary emulsion, pre-mixed (3000 rpm for 0.5 min and 10000 rpm for 0.5 minusing a rotor-stator) and then homogenised using high power sonication (amplitude 70%, 0.5 or 4 min). Upon the pH adjustment (3, 5 and 7 using HCl or NaOH), they were stored at 4°C prior to any further analyses. Alike the mixed emulsions, the final concentration of WPI:T was 0.4:1% w/w.
Emulsion stability index
For stability measurement, the emulsions were transferred into the capped glass tubes and refrigerated (4°C) for 30 days. Using the following equation, the emulsion stability index (ESI) was determined:
where H E is the total height of the emulsion and H S is the height of the serum layer.
[3]
Characterization of emulsions
Measurement of the ζ-potential was performed using a particle electrophoresis instrument (Nano-ZS90, Malvern Instruments, Worcestershire, UK). The diluted emulsions (droplet concentration = 0.05% w/w) were loaded into the cuvette in the measuring cell. Then, the direction and velocity of moving droplets in the applied electric field was measured and recorded. Dilution was performed using deionised water with a pH similar to the original emulsions to avoid any pH-induced changes. A Brookfield DV III ULTRA, LV viscometer (Brookfield Engineering Laboratories, Stoughton, USA) equipped with concentric cylinder geometries (SC4-31 and SC4-18) was utilised to measure emulsion viscosity. Internal diameter of cup and external diameters of bobs (SC4-18 and SC4-31) were 19.05 mm, 17.48 and 11.76 mm, respectively. To ensure the reliability, the selection of appropriate geometries was carried out by monitoring the torque value (>10) during the measurements. Measurements were accomplished at 25°C as described previously. [5, 15] To find the most appropriate rheological model for each system, the rheological data (shear stress versus shear rate of upward curve) were fitted to Newtonian, Power law, Bingham, Herschel-Bulkley and Casson models using MATLAB software (2013, Ver. 8.1). For rheological modeling, linear and non-linear regression analyses were applied.
Stability of emulsions against physical and chemical changes
The influence of salts (NaCl and CaCl 2 ) on emulsion stability was studied at a constant ionic strength. The ionic strength (I) is usually calculated using the equation,
, where c i and Z i are the molar concentration and the electrical charge of the i th component, respectively. Therefore, the ionic strength of the monovalent salts (e.g., NaCl) equals to its molarity while for divalent salts (e.g., CaCl 2 ) it equals 3 times the molarity. On this basis, for having constant ionic strength (50 mM), the molarity of NaCl and CaCl 2 needed to be 50 and 17 mM, respectively. Therefore, the determined amount of salts was added to the emulsions followed by mixing and pH adjustment to 3, 5 and 7 using HCl and NaOH. The final oil (1, 4, 8 and 16% w/w) and WPI-T (0.4:1% w/w) concentrations in the emulsions was similar to their controls.
The influence of heat treatment on the stability of the mixed and LBL emulsions was studied by heating the emulsions (10 ml) in a water bath followed by cooling in a water-ice bath. The test tubes were wrapped by Parafilm before heat treatments and a thermometer was utilised to check the temperature. Since various pasteurization conditions are usually applied for different food products, depending on their formulations and microbiological concerns, the effect of different temperaturetime combinations was studied (Table 4) . To investigate the effect of sterilization process (> 100°C) on the stability, emulsions were autoclaved at 121.5°C for 15 min after pouring 10 ml of emulsions inside autoclavable falcon tubes. The influence of freeze-thaw process on the stability was determined by freezing (−20°C for 22 h) then thawing (40°C in a water bath) the emulsions.
Statistical analysis
One-way ANOVA was used to analyse the data. The least significant difference (LSD) was also utilised to determine significant differences between mean values using SPSS software (Version 14.0, SPSS Inc.). Each experiment was replicated at least twice.
Results and discussion
Stability of mixed and LBL emulsions against sonication
The formation of WPI-T complex and stability of mixed and LBL emulsions (WPI-T 0.4:1% w/w) at different pH values (3, 5 and 7) and oil concentrations (1, 4, 8 and 16% w/w) have been already reported. [5, 15] Therefore, in the first step of the present study, the influence of sonication, as a homogenization technique, on some properties of the LBL and mixed emulsions was examined. In the mixed emulsions, sonication was applied to both protein and polysaccharide dispersions during the initial emulsion formation (4 min), but in case of LBL emulsions, the final formulation was only sonicated (0.5 min) to break any flocs formed after electrostatic deposition. The longer (4 min) the sonication time, the lesser the stability (Figures 1 and 2 ).
In addition, the longer the sonication the lower the apparent viscosity ( Figure 3 and Table 1 ) likely due to the depolymerization of the polysaccharides. [17] It has been already reported that sonication of T solution could lead to degradation as the molecular weights of resulting fractions were different than the original ones. [18] The reduction in the molecular weight could reduce the viscosity. [15, 19] The stability of the emulsions that were sonicated for shorter period of times may have improved either due to the formation of thicker interfacial layers by polysaccharides, inducing a longer-range steric repulsion, or likely owing to their higher viscosity, more effective retardation of droplet movements. Theoretic comparison of the performance of interfacial layers in mixed with LBL methods has also proved the superiority of the latter one. [20] To highlight the effect of steric repulsion on the stability of emulsions, it was stated that in LBL method the charged segments of polysaccharide molecules, attaching protein molecules, create a distinctive secondary layer, which could be extended, far beyond the protein molecules, toward the bulk solution. These secondary layers cause much stronger steric repulsion than pure proteins. [21] However, the interaction of the charged biopolymers before emulsion formation might also lead to the formation of a flat interfacial layer in mixed emulsions.
Stability of mixed and LBL emulsions against mono and divalent salts
The aim of these experiments was to determine the effect of salts on the stability of emulsions in which T and WPI were electrostatically connected. The LBL emulsions treated with sonication for 0.5 min (as secondary homogenization) exhibited complete stability against NaCl (50 mM) and CaCl 2 (17 mM) at all oil concentrations and pH values (Figures 1 and 2 ). In the absence of added salts, the ζ-potential of the LBL emulsions (4% w/w oil, pH 5) was −33 mV. However, in their presence (Table 2) , the ζ-potential is changed to −25.3 (NaCl, 50 mM) and −19.5 mV (CaCl 2 , 17mM), as a result of the electrostatic screening of counter-ions. [4] In case of divalent salt (CaCl 2 ), the ζ-potential variation was much more profound likely owing to its higher ion binding capability. Despite the changes in ζ-potential, LBL emulsions (sonicated for 0.5 min) showed stability against aggregation presumably owing to the electrostatic and steric repulsions which generated by the adsorbed tragacanthin molecules.
It is likely that the interaction of calcium ions with tragacanthin molecules [22] could also improve the stability of emulsions. The reversible gel formation capability of T-molecules with trivalent ions (FeCl 3 ) has been already reported. [23] Ion bridging seems to cause the higher apparent viscosity of the emulsions containing CaCl 2 in comparison with NaCl ones. The higher consistency coefficient and lower flow behaviour index (n) of LBL emulsions, in the presence of CaCl 2 in comparison with NaCl, are obvious indications of the partial aggregation of droplets via ion bridging (Table 3) . At pH 5, notable lower flow behaviour index (n) of the former one (emulsion containing CaCl 2 ) can be an indication of more aggregation and weak interactions. [24] Our findings on recognition of the best rheological model to predict the flow behaviour of T-containing emulsions in the presence of salts (NaCl and CaCl 2 ) showed that Power Law model, which had highest determination coefficient and lowest standard error, was the best fitted model for salt containing emulsions (the data related to finding the appropriate rheological model are not shown). The parameters of this model are presented in Table 3 . Heat stability of mixed and LBL emulsions Table 4 illustrates stability of mixed and LBL emulsions after heat treatment. Based on these data, droplets in WPI-based emulsions (without T) were highly prone to be aggregated, especially at pH 5, where the electrical charge was close to zero (−3.33 mV for the emulsion containing 4% w/w oil). The main reason for aggregation was related to heat denaturation of proteins at oil-water interface. In other words, whey proteins can simply unfold by heating (> 65°C) to expose their hidden hydrophobic and sulfhydryl groups. In this way, whey proteins interact with each other at the interface of the neighboring droplets. [25] It is noteworthy that higher ESI of WPI-based emulsions at pHs 3 and 7, in comparison with pH 5, might be attributed to the higher electrostatic repulsion between oil droplets. According to electrical charge measurements, the ζ-potential of WPI-based emulsions (containing 4% w/w oil) at pHs 3, 5 and 7 were +35.7, −3.33 and −30 mV, respectively. The preventive effect of electrostatic repulsion on heating instability has been already proven. [26] Interestingly, in the starred samples (Table 4) , a transition from liquid to gel-like structure was observed whenever the thermal treatment was conducted. It has been already reported that pH adjustment, nearby the isoelectric pH (pI) of protein and prior to heating (> 60°C), could cause the aggregation of droplets and eventually the gelation. [27] Furthermore, the rate and extent of protein heat denaturation is highly dependent to pH. [25] Therefore, in the present study the effect of different pHs (3, 5 and 7) and oil concentrations (1, 4, 8 and 16% w/w) was considered on emulsion stability against heating treatment ( Table 4) .
As shown, in mixed emulsions, the existence of T-molecules improved the heat-stability (except emulsions with 1% w/w oil, at pHs 3 and 5, heated at 80°C for at least 10 min). Similarly, most of the LBL emulsions were found to be stable against heat-induced droplet aggregation. The presence of T-molecules, as anionic branched polysaccharides, also inhibited the collision of the droplets as a result of the higher electrostatic (at pHs 5 and 7) and steric repulsions. In such cases, the partial unfolding of protein and exposure of its active patches could not cause aggregation as the crosslinking occurs between the exposed active patches with the surface proteins of the same droplet. [27] Furthermore, T is known as an acid-and heat-resistant polysaccharide which might have a role on protection of proteins against heat treatment.
[ 22] In contrast to their stability against pasteurization, almost all emulsions (except WPI-based emulsions at the oil concentrations of 1, 4 and 8% w/w at pH 3 as well as at the oil concentration of 1% w/w at pH 7) did not resist sterilization (121.5°C for 15 min) process (Table 5) . Moreover, in some cases a creamy layer (in semi-solid form) was observed and prevented their flow when tilted. It was likely happened due to the protrusion of proteins, located at the interface of one oil droplet, towards the interfacial layer of the adjacent droplet and their eventual aggregation, presumably due to the fact that sterilization process usually increases average diameter of milk proteins. [28] Moreover, viscosity reduction, due to thermal treatment, could potentially enhance the probability of collision between particles. [24] Freeze-thaw stability of mixed and LBL emulsions Destabilization of emulsions upon freeze-thaw process may arise due to some physiochemical phenomena namely; crystallization of aqueous phase water, inadequacy of free water and imperfect hydration of emulsifier molecules, enhancement of ionic strength of unfrozen aqueous phase, penetration of water and fat crystals to the membrane of neighboring droplets and finally, crystallization of lipid droplets (partial coalescence). Therefore, creaming happens due to the coalescence of droplets and their fusion when emulsion is thawed. [3, 8] *Gel-like texture is formed **To do statistical analysis, each column is considered as a statistical group (only the effects of pH and oil concentration were considered but the temperature and time were waived) and significant difference between columns is shown using various letters on top of the first number in the group (p < 0.05).
As it can be seen (Figure 4 ), the presence of T in LBL emulsions led to a complete stability (ESI = 100%) at the studied pHs (3, 5 and 7) and oil concentrations except 16% w/w oil at pH 5. In this case, one could speculate that the adsorbed polysaccharide (T) possibly created a thick layer around the oil droplets to protect their disruptions. In addition, T protects proteins against denaturing as freezing could diminish the functionality of emulsifiers. [3] Despite the interfacial layer thickness enhancement, it seems, in LBL emulsions, high apparent viscosity was also effective on stabilization as it could potentially retard droplet movement. The comparison of the apparent viscosity of LBL and mixed emulsions (same oil content and pH) also showed that LBL emulsions had noticeably higher apparent viscosity than mixed ones. For example, the apparent viscosity of LBL and mixed emulsions (4% w/w oil, pH 5) at a constant shear rate (30.24 1/s) was 194.5 and 56.1 mPa.s, respectively.
[5] The LBL emulsion (16% w/w oil, pH 5) was probably destabilised due to the fact that the oil droplets in non-frozen aqueous phase were too close to each other. [29] 
Physical state was liquid and a creaming layer was observed, ⊽: Stable emulsions (Liquid), ▲: Physical state was liquid and aggregations were distinguishable without phase separation, ■: System was stable but gel was formed (semi-solid state), △ :
There was a phase separation because of aggregation. Moreover, in the mixed emulsions, the WPI-T complex was unable to prevent instability ( Figure 4 ) due to the insufficiency of interfacial layer thickness which happened because of the depolymerization of polysaccharide when sonicated for a long time. Furthermore, mixed emulsions had lower ζ-potential than LBL ones (Table 2) ; thereupon, higher electrostatic repulsion of LBL emulsions facilitated their stability against freeze-thaw. [10] 
Conclusion
The influence of heating processes (pasteurization and sterilization), various salts (NaCl or CaCl 2 ) at constant ionic strength, as well as freeze-thaw treatment was studied in order to compare the effect of emulsion preparation technique (LBL and mixed emulsions) on the physical stability. The outcomes of this study showed the higher capability of LBL in comparison with mixed method on retaining stability of emulsions against physical and chemical changes. Lower efficacy of mixed method was likely due to the depolymerization of T-molecules and breaking of its side branches when sonicated for long time. Therefore, when high power sonication needs to be performed for homogenization purpose, LBL emulsion preparation method is recommended to have emulsions with excellent resistance against physical and chemical changes. It was also found that CaCl 2 can be utilised to modify the texture of food products if it has no undesirable effect on the stability. The findings of this research can be beneficial for the development of food delivery systems, encapsulation, or textural modification.
